Spatial patterning of gene expression is a key process in development-responsible for 7 the incredible diversity of animal body plans-yet how it evolves is still poorly understood. Both cis-8 and trans-acting changes could accumulate and participate in complex interactions, so to isolate 9 the cis-regulatory component of patterning evolution, we measured allele-speci c spatial gene 10 expression patterns in D. melanogaster ◊ D. simulans hybrid embryos. RNA-seq of cryosectioned 11 slices revealed 55 genes with strong spatially varying allele-speci c expression, and several 12 hundred more with weaker but signi cant spatial divergence. For example, we found that 13 hunchback (hb), a major regulator of developmental patterning, had reduced expression speci cally 14 in the anterior tip of D. simulans embryos. Mathematical modeling of hb cis-regulation suggested 15 that a mutation in a Bicoid binding site was responsible, which we veri ed using CRISPR-Cas9 16 genome editing. In sum, even comparing morphologically near-identical species we identi ed a 17 substantial amount of spatial variation in gene expression, suggesting that development is robust 18 to many such changes, but also that natural selection may have ample raw material for evolving 19 new body plans via cis-regulatory divergence. 20 21 30 Eisen, 2010; Villar et al., 2015; Berthelot et al., 2017) . Indeed, this variation is one of the substrates 31 upon which selection can act. However, even in the handful of cases where we understand the 32 regulatory logic, e orts to predict the result of inter-speci c di erences in CRMs still have limited 33 precision (Small et al., 1991; Samee and Sinha, 2014; Sayal et al., 2016) . 34 A complicating factor in comparing gene expression between species is that both cis-and 35 trans-acting regulation can change (Coolon et al., 2014) . One solution is to focus on cis-regulatory 36 changes by measuring allele-speci c expression (ASE) in F1 hybrids. In a hybrid each diploid 37 nucleus has one copy of each parent's genome which is exposed to the same trans-environment, 38 so any di erences in zygotic usage of the two copies is due either to cis-regulatory divergence 39 or to stochastic bursting (which should be averaged out over many cells). The early Drosophila 40 embryo provides a unique opportunity to probe the interaction of trans-regulatory environments 41 1 of 17 Unreviewed manuscript with cis-regulatory sequence: by slicing the embryo along the anterior-posterior axis, we are able 42 to measure ASE in nuclei with similar complements of transcription factors (TFs). By combining 43 knowledge of both the regulatory sequence changes between the species and the transcription 44 factors expressed in each slice, it should be possible to more quickly identify which TF binding site 45 underlies the expression di erence. 46 In this study, we used spatially-resolved transcriptome pro ling to search for genes where 47 472 Aleksic J, Ferrero E, Fischer B, Shen SP, Russell S. The role of Dichaete in transcriptional regulation during 473 Drosophila embryonic development.
Introduction
Although most cells in any metazoan share the same genome, they nevertheless diversify into 23 an impressive variety of precisely localized cell types during development. This complex spatial 24 patterning is due to the precise expression of genes at di erent locations and times during develop-25 ment. Where and when each gene is expressed is largely dictated by the activities of cis-regulatory 26 modules (CRMs, also sometimes called enhancers) through the binding of transcription factors to 27 their recognition sequences (Banerji et al., 1981; Ptashne, 1986; Driever et al., 1989) . Despite the 28 importance of these patterning CRMs for proper organismal development, they are able to tolerate 29 some modest variation in sequence and level of activity (Ludwig and Kreitman, 1995; Lusk and cis-regulatory di erences drive allele-speci c expression patterns in hybrid D. melanogaster◊D. 48 simulans embryos (speci cally the reference strains DGRP line 340 for D. melanogaster and w 501 49 for D. simulans; we will refer speci cally to the two reference strains, and not the two species as 50 a whole unless otherwise noted). We found dozens of genes with clear, consistent di erences in 51 allele-speci c expression across the embryo. We chose one of these genes, hunchback (hb) , as a 52 model to understand which of 17 polymorphisms in its regulatory regions was likely to drive the 53 expression di erence. Mathematical modeling of hunchback cis-regulation suggested that a Bicoid 54 binding site change was responsible for the expression di erence, which we con rmed through 55 CRISPR-Cas9 mediated editing of the endogenous D. melanogaster locus. 56 
Results

57
A genome-wide atlas of spatial gene expression in D. melanogaster ◊ D. simulans 58 hybrids 59 We selected ve mid-stage 5 hybrid embryos, with membrane invagination between 50 and 65%. 60 We then sliced the embryos to a resolution of 14µ, yielding between 24 and 27 slices per embryo. 61 We chose embryos from reciprocal crosses (i.e. with either a D. melanogaster mother or a D. simulans 62 mother), and had at least one embryo of each sex from each direction of the cross. Although hybrid 63 female embryos with a D. simulans mother are embryonic lethal at approximately this stage due 64 to a heterochromatin segregation defect (Ferree and Barbash, 2009), they were morphologically 65 normal and so we included one female embryo from this cross. We also sliced one embryo from 66 each of the parental strains. Following slicing, we ampli ed and sequenced poly-adenylated mRNA 67 using SMART-seq2 with minor modi cations (Combs, 2015; Picelli et al., 2014 Picelli et al., , 2013 . 68 We rst searched for cases of hybrid mis-expression-genes where the absolute expression 69 pattern is consistently di erent in the hybrid, compared to the parents alone. Using earth-mover 70 distance (EMD) to measure di erences in expression patterns (Figure 1- Figure Rubner et al. (1998) ), for each zygotically expressed gene we compared the expression pattern from 72 each of the hybrid embryos to the pattern expected by taking the average of the D. melanogaster 73 and D. simulans embryos. After Benjamini-Hochberg FDR correction, no gene was signi cantly 74 more di erent from the average of the parental embryos than each of the parental embryos were 75 from each other (smallest q-value =.37, see Methods). We also compared expression patterns 76 between hybrid embryos with a D. melanogaster mother to those with a D. simulans mother, and 77 found that most di erences seemed to be due to di ering patterns of maternal deposition or noisy 78 expression (Figure 1-Figure supplement 3 ). Thus, we conclude that there do not seem to be any 79 expression patterns that are not explained by di erences in the parents or that are unique to the 80 hybrid context.
81
Overall Allele-speci c Expression 82 In order to measure cis-regulatory di erences in expression, we calculated allele-speci c expression 83 (ASE) scores for each gene in each slice (Figure 1A) . The ASE score is the ratio of the di erence 84 between the number of D. simulans and D. melanogaster reads and the sum of the reads, 85 ASE = n sim * n mel n sim + n mel (1) and ranges between -1 (100% D. melanogaster expression) and 1 (100% D. simulans expression). 86 2 of 17 Figure 1. RNA-seq of hybrid Drosophila embryos reveals extensive spatially patterned allele-speci c expression. A) Each embryo was cryosliced along the anterior-posterior axis in 14µ sections, followed by RNA-seq in each slice. Allele-speci c expression (ASE) was called for each gene in each slice by assigning unambiguous reads to the parent of origin; shown here are the reads for the gene Ance, with blue indicating D. simulans reads and red indicating D. melanogaster reads. For each gene, we t either a step-like or peak-like (shown) function. B-C) Genes with a step-like pattern (B, best t by a logistic function) or peak-like pattern (C, best t by a Gaussian function). For each gene, anterior is left and posterior is right. The green line indicates the best t pattern, with higher indicating D. simulans biased expression, and lower indicating D. melanogaster biased expression. The heatmaps are from two of the ve embryos. be maternally biased in one of the directions of the cross, but we also detect non-trivial zygotic 104 expression in the other direction). There were also 1,771 maternally provided genes that had low 105 expression (less than 10 FPKM in 65% or more of the slices) in our data, which is consistent with 106 many maternally provided genes being heavily degraded by this point in development. Furthermore, 113 We then looked for genes that are consistently biased towards one species, regardless of parent. 114 We found 572 genes (at a 10% FDR) where the overall expression was more biased than expected 115 by chance (see Methods). However, many of these showed only a weak bias (some cases have as 116 few as 2% more reads from one species than from the other), so we further identi ed a subset of 117 these with at least 2-fold more reads from one species than the other in 65% of slices; we called 118 this subset strongly biased (see Methods). We found 42 genes with strongly D. melanogaster-biased 119 expression, and 38 genes with strongly D. simulans-biased expression ( . Given that the gene models we are using are taken entirely from D. melanogaster, we may 121 be underestimating the true quantity of D. simulans biased genes (this caveat does not apply to 122 spatially varying ASE, since inaccurate gene models would not lead to spatial variation across the 123 embryo). Intriguingly, a few of these genes are expressed at comparable levels and with similar 124 spatial patterns in the D. melanogaster and D. simulans parental embryos, indicating they may be 125 a ected by compensatory cis-and trans-acting changes. These species-biased genes are spread 126 throughout the genome, suggesting that this e ect is not a consequence of a single cis-regulatory 127 change or inactivation of an entire chromosome.
128
Spatially varying allele-speci c expression highlights genes with cis-regulatory changes 129 The greatest power of this dataset lies in its ability to identify genes with spatially varying ASE 130 (svASE)-that is, expression in one part of the embryo that is di erently biased than another part of 131 the embryo. In order to identify these genes, we t two di erent simple patterns to the ASE as a 132 function of embryo position (Figure 1A) . We identi ed 40 genes where a sigmoid function explained 133 at least 45% of the variance in ASE (Figure 1B) , and 21 where a Gaussian function explained at 134 least that much of the variance (Figure 1C ; if both explained over half the variance for a gene, we 135 only count the one that better explains the variance). In order to estimate a false discovery rate, 136 4 of 17 we shu ed the x-coordinates of the ASE values, and re t the functions. Of 1000 shu es, only 6 137 (sigmoid) and 0 (peak) genes cleared the threshold for svASE, which implies false discovery rates of 138˘0 .020396% (sigmoid) and <0.001925% (peak). At a more relaxed 10% FDR cuto , we found 320 139 genes where tting explains at least 12% of the variance in ASE. 140 We observed very few spatially varying splicing di erences in our data (Figure 1 cell cycle regulator that is a target of both of these pathways, also had signi cant svASE. However, 159 when we used all non-uniformly expressed genes from Combs and Eisen (2013) as a background 160 set, we did not nd any enriched GO terms, suggesting that the enrichments are driven by functions 161 shared by spatially patterned genes overall, rather than among svASE genes speci cally.
162
A single SNP is the source of svASE in the gap gene hunchback 163 We noticed that hunchback, an important transcriptional regulator ( hb is relatively well-characterized, this provided the opportunity to study the sequence-level causes 166 of the svASE that we observed. 167 The hb svASE was driven by the anterior tip, which had a strong bias towards the D. melanogaster 168 allele, suggesting an expansion of the anterior domain relative to D. simulans (Figure 2A) . Compared 169 to ASE elsewhere in the embryo, ASE in the anterior tip was both stronger (Ì 10-fold more D.
170 melanogaster transcripts than D. simulans), and also less a ected by the species of the mother 171 (excluding the rst six anterior slices, there are 5-15% more reads from the maternal species than 172 the paternal). When we performed in situ hybridization for hb RNA, we found overall similar patterns 173 of localization, except in the anterior tip, where we observed hb expression in D. melanogaster, but 174 not in D. simulans ( Fig. 2B and C) . Although the parental embryos are not precisely the same size, 175 the in situs are consistent with the svASE, suggesting that the divergence is not due to embryo size 176 or trans-regulatory changes. 177 We next examined known regulatory sequences near hb for changes in TF binding sites that . 211 We built this model to determine whether any of the binding site changes between D. melanogaster 212 and D. simulans could plausibly explain the ASE that we observe in hb. Therefore, we did not make 213 any e ort to determine the minimal set of TFs that would drive the hb pattern, nor did we include a 214 term to model predicted autoregulation ( path. We did not attempt modeling of the pair-rule genes pxb, Bsg25A, comm2, and pxb, since other pair-rule genes have multiple, independent regulatory elements, likely complicating the modeling approach.
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In order to predict what e ect the binding changes would have on expression in a D. simulans (or 216 hybrid) embryo, we adjusted the coe cient for each TF independently to nd the coe cient that 217 best predicted the observed ASE. We then compared the output of the D. melanogaster model to the 218 adjusted one (Figure 3D-H locus. We then tested these lines using in situ hybridization, and found that edited lines lose hb 228 expression in the anterior tip, making the pattern much more similar to D. simulans (Figure 4 et al., 2016) , that had the D. melanogaster-like sequence in the core of the Bicoid motif. 236 When we performed in situ hybridization, we found that hunchback expression was present at the 237 8 of 17
Peer review has uncovered reasons not to fully credit the in situ data presented here-qualitative differences in expression in the anterior tip can be explained by embryo staging. We are currently working on quantitative experiments.
strength to the hypothesis that the di erence in expression pattern is due to Bicoid binding, and 239 that the core Bicoid motif SNP is primarily responsible.
240
Discussion
241
The study of allele-speci c expression in F1 hybrids is a powerful tool for probing the evolution of 242 gene expression (Fraser, 2011; Wittkopp and Kalay, 2012) . However, previous studies on Drosophila 243 hybrids have been limited in their ability to pinpoint the causal variants responsible for the observed 244 cis-regulatory divergence (Wittkopp et al., 2004; Graze et al., 2009; Coolon et al., 2014) . In particular, , 2008; Fowlkes et al., 2008; Gallo et al., 2011; Li et al., 2011; Shazman et al., 2014) . 250 Combining this information with mathematical modeling of gene expression patterns yielded 251 speci c, testable predictions about which sequence changes produced the observed expression 252 di erences (Figure 3) . Finally, by using CRISPR-mediated genome editing, we were able to directly 253 con rm the genetic basis of the divergence in hb expression. 254 Although we were careful to minimize mapping bias in the detection of ASE, it is possible that , 2017; Namba et al., 1997) . It is also possible that the reduced hb expression in D.
290 simulans matters only in particular stress conditions, but given the similar cosmopolitan geographic 291 distributions of D. melanogaster and D. simulans, it is not obvious what conditions those might be. 292 We believe that the informed modeling approach we have taken can serve as a model for 293 dissecting other cis-regulatory modules. Eight genes with clear svASE are present in the BDTNP 294 expression atlas (Fowlkes et al., 2008) , and preliminary modeling of the four genes without pair-295 rule-like striping patterns suggested plausible binding site changes that could be responsible 296 (Figure 3-Figure supplement 4) . In some of these cases, there are multiple binding site changes that 297 could explain our observed svASE equally well, but predict di erent dorso-ventral gene expression 298 patterns in D. simulans-in these cases, in situ hybridization for the gene with svASE should provide 299 clearer hypotheses of the causal variants. This approach, when applied more broadly and in concert 300 with evolutionary studies, should help re ne our understanding of both the molecular mechanisms 301 and phenotypic consequences of the evolution of spatial patterning.
302
Materials and Methods
303
Strains and hybrid generation 304 Unless otherwise indicated, we used DGRP-340 as the D. melanogaster strain, and w501 as the D. Healthcare) and froze the embryo at -80 until slicing. We sliced the embryos using a Microm HM550 318 cryostat, with a fresh blade for each embryo to minimize contamination. 319 We used 1mL of TRIzol (Ambion) with 400 µg/mL of Glycogen (VWR) to extract RNA, ensuring 320 that the ake of freezing medium was completely dissolved in the TRIzol. In order to determine 321 the sex of each embryo, we generated cDNA from the RNA using SuperScript II (Invitrogen) and a 322 gene-speci c primer for Roc1a, which is on the X chromosome and has a 49bp D. simulans speci c 323 insertion. We then ampli ed bands (Primers: cca gat gga ggg agc agc ac(forward) and atc gcc cca cta 324 gct taa gat ct (reverse) amplicon lengths: 99bp and 138 bp) to determine the sex of hybrid embryos. 325 Next, we randomized the order of the RNA samples (see Supplementary le 1), then prepared 326 libraries using a slightly modi ed version of the SMART-seq2 protocol (Picelli et al., 2014) Next, we created a version of the D. melanogaster genome with all SNPs that are di erent 341 between the two species masked. We used STAR (Dobin et al., 2013, version 2.4.2a , arguments 342 -clip5pNbases 6) to map each sliced RNA-seq sample to the masked genome. We further ltered 343 our list of SNPs to those for which, across all the RNA-seq samples, there were at least 10 reads 344 that supported each allele. We also implemented a ltering step for reads that did not remap to 345 the same location upon computationally reassigning each SNP in a read to the other parent as 346 described in van de Geijn et al. (2015) . Trapnell et al., 2013) . We normalize all absolute expression patterns by rst adding 362 a constant amount to mitigate noise in lowly expressed genes, and then by dividing by the total 363 amount of expression in an embryo. 364 To compare between the hybrids and the parental embryos, we rst calculated a spline t for 365 each gene on each of the parental embryos separately, rst smoothing by taking a rolling average 366 of 3 slices. We then t a univariate spline onto the smoothed data using the Scipy "interpolate" 367 package. Then, we recalculated the predicted expression for a hypothetical 27-slice embryo of each 368 parent, then averaged the expression data. We next calculated the EMD between this simulated 369 averaged embryo and each of the hybrid embryos. For each gene, we then performed a one-sided 370 t-test to determine whether the hybrid embryos were more di erent from the average than the 371 EMD between the parental embryos. Although 342 genes had a nominal p-value < .05, none of 372 these remained signi cant after Benjamini-Hochberg multiple hypothesis testing correction. 373 To compare embryos between directions of the cross, we calculated the pairwise EMD between 374 embryos within a direction of a cross (i.e. the three possible pairs of hybrid embryos with a 375 D. melanogaster mother and the pair of embryos with the D. simulans mother) and the pairwise 376 EMD between hybrid embryos with di erent parents (e.g. the rst replicate of embryos). We 377 then used a one-sided t-test to determine whether the EMDs were larger between groups than 378 within. Benjamini-Hochberg FDR estimation yielded 171 genes with a q-value less than .05, whereas 379 Bonferroni p-value correction yielded 12 genes at ↵ < .05. 380 
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Identi cation of allele-speci c expression patterns 381 In order to call a gene as strongly biased, we required that gene have at least 10 slices with 382 detectable ASE, with at least 65% of those slices having at least 66.7% of reads from the same 383 parent (maternal, D. simulans, or D. melanogaster, as appropriate). To detect genes with more subtle, 384 yet consistent, overall ASE we summed the ASE scores for each embryo separately. To create a 385 null distribution, we randomly ipped the sign of each ASE score then summed the ASE of the 386 randomized matrix, repeating 50,000 times. We then combined the p-values from each embryo 387 using Fisher's method, ignoring scores from X-chromosomal genes in male embryos. To estimate 388 a false discovery rate, we compared the number of genes with a given p-value to the number 389 expected at that p-value under a uniform distribution. 390 To call svASE, we t a 4-variable least-squares regression of either a sigmoidal logistic function 391 (f (x) = A_(1 + exp(w(x * x 0 ))) * y 0 ) or a peak-like Gaussian function (f (x) = A exp(*(x * x 0 ) 2 _w 2 ) * y 0 ). 392 We then considered any gene where the t explained at least 45% of the variance (R 2 =
where A i is the ASE value in the ith slice, and A is the average ASE value for that 394 gene) as having svASE. 395 To calculate a false discovery rate, we shu ed the columns (i.e. the spatial coordinates) of the 396 ASE matrix 1,000 times. For each of the shu es, we t both of the ASE functions. Most of the 397 shu ed matrices yielded no ts that explained at least 45% of the variance, only a handful of the 398 matrices yielded a single gene that cleared the threshold, and no shu ed matrix had two or more 399 genes that cleared the threshold.
400
Spatially varying splicing di erences 401 To look for overall spatially varying splicing di erences, we used the DEX-seq script prepare_annotation 402 to identify exonic parts (Anders et al., 2012) . For each exonic part in each slice, we calculated per-403 cent spliced in (PSI) (Schafer et al., 2015) . Then we followed the same tting procedure as for the 404 allele-speci c expression, with the same cuto of 45% of the variance explained by the t. 405 To look for spatially varying, allele-speci c splicing, we adapted the ideas of Li et al. (2016) to look 406 speci cally at reads that support a splice junction. We used the LeafCutter script leafcutter_cluster 407 on all of the mapped, de-duplicated reads to identify splice junctions that have at least 50 reads 408 across our entire dataset. Then, for each read mapping to each well-supported splice junction, 409 we used a custom script to assign it to either D. melanogaster or D. simulans as above. We then 410 calculated an allele-speci c splicing preference index as in equation 1 above. Finally, we used the 411 same tting procedure as above, except we used a relaxed cuto of 25% of the variance explained, 412 since only 1 gene had greater than 45% of its variance explained by a t.
413
Identi cation of binding site changes and predicted e ects on hybrid embryos 414 For hunchback we used the coordinates for the regulatory elements as de ned in the RedFly 415 database to extract the sequence of each regulatory region from the reference sequence les (Gallo   416   et al., 2011) . For the other genes whose regulatory programs we investigated for causal binding 417 changes, we used Bedtools to nd any non-exonic DNase accessible region within 15,000 bp of 418 each gene (Quinlan and Hall, 2010; Thomas et al., 2011) . We then used BLAST v2.3.0+ to search for 419 the orthologous region in D. simulans. We combined motifs from the databases in Shazman et al. Bcd, Gt, Kr, cad, tll, D, da, dl, mad, med, shn, sna, twi, zen, brk, emc, numb, rho, tkv and Doc2) ; 429 12 of 17 Gt, and Kr). For a given combination of factors, we used the Python Statsmodels package to t a 431 logistic regression to the anterior stripe of hunchback (Seabold and Perktold, 2010) . In line with the 432 procedure in Ilsley et al. (2013) , we separated the two hunchback expression domains and t the 433 data on nuclei with either the anterior stripe or no hunchback expression. We then selected the 434 best model based on fraction of variance in the original data explained by the t. 435 To estimate the likely e ect of each transcription factor change, we adjusted the relevant 
We then computed the Pearson correlation of the predicted and real ASE values and measured the 442 fraction of the variance in the real ASE explained by the predicted ASE. In general, both measurement 443 approaches suggested the same direction of change to the coe cient, although the absolute 444 magnitude of change that yielded the "best" result may have been di erent.
445
Genome Editing and Screening 446 We inserted the D. simulans SNPs into D. melanogaster using CRISPR-Cas9 directed cutting followed 447 by homology directed repair (Gratz et al., 2014) . We inserted the gRNA sequence GGT ACA GGT Figure 1-Figure supplement 2 . Using earth mover distance to identify genes with di erent expression patterns between the hybrids and the parents 668 We found 171 genes with a signi cantly di erent EMD between each direction of the cross compared to replicates of each direction (Benjamini-Hochberg q-value < .05; Benjamini and Hochberg (1995) ). The heatmap for each gene has each embryo aligned with anterior to the left and posterior to the right. Genes that are also signi cant after Bonferroni multiple testing correction are marked in red. We manually categorized these as due either to A) the embryos having clear parent of origin expression patterns that we interpret as due to species-speci c maternal deposition (ASE data, not shown, generally supports this interpretation), B) a single embryo having a di erent expression pattern, marked with a red star, or C) more subtle expression di erences or noise in expression measurement. Order within each class is arbitrary. Figure 1-Figure supplement 3 . Using earth mover distance to identify genes with di erent expression patterns between the directions of the hybrid cross Genes from Figure 1B and C in the same order, but with the complete set of ASE data and R 2 values of the t provided. A) Genes best t by a logistic function and B) genes best t by a normal function. 
672
Genes strongly biased towards transcribing D. melanogaster (A) or D. simulans (B) alleles, regardless of whether D. melanogaster or D. simulans is the mother or father. Absolute expression values are normalized to the most highly expressed slice in each embryo (or 10 FPKM, whichever is higher). Genes are sorted by highest FPKM in the species that is un-expressed in the hybrid. The column (sim-mel)/(sim+mel) is the expected ASE assuming expression level is encoded in cis, and is computed by comparing matching slices of the parental embryos. ASE is not interpolated if there are not enough reads to call in a given slice. Figure 1-Figure supplement 7 . Genes with species-speci c expression, regardless of parent of origin A-B) Genes with spatially varying exon usage. We t a step-like function (A) or a peak-like function (B) to the per-slice Percent Spliced In (PSI) value for each exon. DEXSeq combines the overlapping exons from Kdm4B, seq, and CG17724 into a single unit since the UTRs of one gene are CDSs of others. C-D) Genes with spatially varying allele-speci c splice-junction usage. Except for bl, the patterns are qualitatively similar to the spatially varying ASE. All heatmaps are arranged anterior to the left and posterior to the right. Green lines to the left of each gene heatmap are the best t curve. We altered each coe cient separately (with the exception of the Bicoid terms, which we also adjusted in tandem) by multiplying by a range of multipliers, then predicting ASE. Although increasing the Kni term in the model had the best correlation with the real ASE, there were no Kni motif changes in the known CRMs, so we excluded it from consideration. In addition, due to the bu ering e ects of the other TFs in the full model, we could not nd a change that, when applied to both the Bcd and Bcd 2 term that explained the ASE; however, adjusting a simpler model consisting of only terms for Bcd, Bcd 2 , D, and twi did yield a good t. The actual predicted ASE for these models at a given change of coe cient is qualitatively very similar (C-D). Both generated lines of ies have the same sequence at the hunchback anterior CRM as each other and as the D. simulans reference sequence, but distinct from the D. melanogaster sequence, as assayed via Sanger sequencing. They could conceivably have separate mutations in other loci. In situ hybridization for hunchback in both lines show the same simulans-like gap in the anterior tip. Scale bar 100µ. 
